A B S T R A C T The effect of (+) -decanoylcarnitine, a potent inhibitor of long-chain acylcarnitine transferase, was tested for its ability to inhibit hepatic ketogenesis both in the isolated perfused liver and in vivo in severely ketotic alloxan diabetic rats. In vitro the inhibitor caused an almost complete block in ketone body production. In vivo (+) -decanoylcarnitine caused a rapid reversal of ketosis under conditions where large doses of insulin had little effect. A combination of the two agents produced an even more striking fall in plasma ketone levels.
INTRODUCTION
Recent studies from this laboratory have been concerned with the mechanisms by which ketogenesis is regulated (1) (2) (3) (4) (5) (6) . It now seems clear that maximal ketogenesis requires that two conditions be fulfilled: (a) There must be an adequate delivery of the basic ketogenic substrate, fatty acid, to the liver, and (b) There must be a change in the metabolic "set" of the liver such that a greater fraction of the incoming fatty acids is shunted into the oxidative sequence relative to that utilized for triglyceride and phospholipid synthesis. Received for publication 10 October 1972 and in revised form 17 November 1972. established ketosis to normal. Current understanding of the nature of the metabolic changes occurring in the hepatic cell during diabetic ketoacidosis is summarized in Fig. 1 . Fatty acids extracted from the plasma by the liver can be metabolized by only two major pathways-they may be esterified to form triglycerides and phospholipids or they may enter the jP-oxidation process.
For reasons outlined in detail elsewhere (1, 6) it seems likely that the capacity for ,8-oxidation in the liver is fixed and high and that flux of fatty acyl carbon into this pathway (and ultimately the distribution of fatty acyl-CoA between esterification and the oxidative sequence) is determined by the rate of entry of fatty acylCoA into the mitochondrion. As indicated, the enzyme catalyzing the translocation of the fatty acid molecule across the mitochondrial membrane is the long-chain fatty acylcarnitine transferase (7, 8) . It is assumed (Fig. 1A ) that the activity of this enzyme is inhibited in the normal fed state such that fatty acids are utilized by the liver primarily for the synthesis of triglyceride but that in fasting and diabetes (Fig. 1B) activation of the enzyme occurs with the consequence that the barrier to transport of the fatty acids into the mitochondrion is removed and the increased fatty acid load delivered to the liver is preferentially oxidized to acetoacetic and P-hydroxybutyric acids. In this regard it is of interest to note that Norum (9) has found increased activity of long-chain acylcarnitine transferase in liver homogenates and mitochondria from fasted and diabetic animals.
Should this formulation be correct, it follows that inhibition of the acylcarnitine transferase reaction would result in a blockade of fatty acid oxidation and an inhibition of ketogenesis. A specific inhibitor of the reaction, (+) -decanoylcarnitine, has been known for some time (10) and has been shown to block ketogenesis in isolated perfused livers taken from fasted animals (10) (11) (12) 1, 6, 7. tine, the perfused fatty acids were immediately shunted into hepatic triglycerides, restoring the pattern of fatty acid metabolism to that seen in normal liver (6) .
For these reasons we decided to try (+)-decanoylcarnitine in the treatment of acute diabetic ketoacidosis in the rat. The results of the experiments to be presented indicate that (+)-decanoylcarnitine is a potent inhibitor of ketogenesis produced by uncontrolled diabetes both in vitro and in vivo. Moreover, when given in combination with insulin, (+) -decanoylcarnitine significantly reduces recovery times from diabetic acidosis and is much more effective than the hormone given alone. In vitro studies-liver perfusion Recirculating perfusions. The effect of (+)-decanoylcarnitine on rates of ketogenesis was first studied in livers from acutely ketotic diabetic rats perfused with recirculating medium using the apparatus and techniques described elsewhere (3, 4 (6) .
METHODS

Treatment of animals
Nonrecirculating perfusions. In order to measure the rapidity with which hepatic ketogenesis is blocked by (+) -decanoylcarnitine and the time required for the recovery of the liver from the effects of the inhibitor it was necessary to utilize a nonrecirculating perfusion system. The methodology employed here was essentially the same as that used for the more conventional recirculating technique with the exception that an additional large reservoir of perfusion fluid (about 1,500 ml) was required since the venous flow from the liver was not returned to the oxygenation chamber. Using this system it was possible to infuse (+)-decanoylcarnitine into the perfusion circuit at a point just prior to entry into the liver, thus allowing the time of exposure of the tissue to the inhibitor to be varied at will.
In vivo studies
In order to follow the time sequence of the reversal of diabetic ketoacidosis with insulin and (+)-decanoylcarnitine animals were anesthetized either with pentobarbital, or lightly with ether, and no. 10 polyethylene catheters were placed in the femoral artery on one side and the inferior vena cava through the femoral vein on the other (13) . The animals were then placed in individual restraining cages. When pentobarbital was used as anesthetic, experiments were started with the animals still asleep. Rats anesthetized with ether had recovered from anesthesia for at least 30 min before experiments were begun.
Samples of arterial blood (0.1 ml) were collected into iced heparinized polyethylene tubes throughout the experiment for determination of plasma ketone and glucose concentrations (2). Heparin, when used, was given intravenously in a dose of 100 units prior to collection of the first sample. An infusion of 5% bovine albumin in 0.9%o sodium chloride, pH 7.4, containing insulin, (+)-decanoylcarnitine or a mixture of both agents was then given through the venous catheter as described in the legends to the figures. The amount of insulin given was sufficient to produce maximum effects as determined in preliminary experiments. Because of the small volumes of blood taken it was not possible to determine plasma FFA levels at each time point. For such measurements, a 2-3 ml specimen of blood was rapidly removed from the abdominal aorta at the conclusion of the experiment and compared with values obtained from control animals.
In experiments designed to determine the effects of a single injection of insulin and/or (+)-decanoylcarnitine rats that had not been catheterized or anesthetized were given, intravenously, 0.5 ml of the albumin solutions containing insulin in the presence and absence of (+)-decanoylcarnitine as described above. The animals were then placed in conventional cages, and 2 h later they were anesthetized with pentobarbital immediately prior to collection of blood from the aorta.
Analyses on blood and perfusion fluid
All samples of blood and perfusion medium were centrifuged, and analyses were carried out on the erythrocyte-free supernatant fluid. Acetoacetate and p-hydroxybutyrate were determined enzymatically as described previously (2), and in the text the term "ketone bodies" will always refer to the sum of these two components. Glucose was measured using the glucose oxidase method (14) , and free fatty acid levels were assayed by the method of Dole (15) 
RESULTS
Inhibition of ketogenesis in the diabetic liver in vitro. As noted above, (+) -decanoylcarnitine had been previously shown to have the capacity to inhibit ketogenesis in livers from fasted rats (6, (10) (11) (12) . Ketone production by isolated perfused livers from fasted animals could also be partially inhibited with certain other antiketogenic agents such as lactate and glycerol (4, 17, 18) . Livers from severely ketotic diabetic rats, however, appear to be resistant to the effect of the latter compounds (3). For this reason we first examined the effect of (+)-decanoylcarnitine on acetoacetate and 9-hydroxybutyrate production in the perfused liver from rats with acute diabetic ketoacidosis. The results are shown in Fig. 2 where it can be seen that ketone body synthesis was essentially completely inhibited after 15 min of perfusion with the nonphysiological carnitine ester.
Reversal of diabetic ketoacidosis with (+)-decanoylcarnitine and insulin-anesthetized animals. In the first set of in vivo experiments rats were anesthetized with pentobarbital for implantation of catheters, and studies The effect of (+)-decanoylcarnitine on ketogenesis in perfused livers from alloxan diabetic rats. Livers were perfused with oleic acid (0.7 mM) in the presence and absence of (+)-decanoylcarnitine (0.5 mM) using the recirculating perfusion technique described under Methods. Results are given as means +SEM for five livers in each group.
were initiated while anesthesia was still in effect. As is evident from the data of Fig. 3 the acutely ketotic alloxan diabetic rat is severely ill with marked hypoglycemia and hyperketonemia. The initial plasma glucose concentrations in the three groups of animals at zero time clustered around 1,000 mg/100 ml, a figure much higher than that found in pancreatectomized diabetic rats (19) but very close to values seen in severe human disease (20) . Mean plasma ketone levels were greater than 1,500 /mol/100 ml. When insulin was given alone ketone concentrations decreased from an initial value of 1,760 /Lmol/100 ml to 1,255 I.mol/100 ml at 4 h (Fig.  3B) . Over the same time interval (+)-decanoylcarnitine, in the absence of insulin, caused a fall in acetoacetate and P-hydroxybutyrate levels from 1,502 to 262 Amol/100 ml. When the two agents were given in combination the equivalent 4 h effect was a decrease in ketones from the zero time value of 1,532 ,mol/100 ml to 69 zmol/100 ml. The relative antiketogenic effect of insulin: (+)-decanoylcarnitine: insulin plus (+)-decanoylcarnitine was thus 1: 2.5: 3.0 (A ketones-4 h, 505: 1,240: 1,463 ,mol/100 ml). Since the plasma values were normal by four hours in the third group of animals, the accelerating effect of insulin on the reversal of ketosis by (+) -decanoylcarnitine is best seen by comparisons made at the 2 h point. Here the relative antiketogenic ratios were insulin: (+ ) -decanoylcarnitine: insulin plus (+)-decanoylcarnitine, 1: 2.0: 3.5 (A ketones-2 h, 292:610:991 gmol/100 ml).
The changes in plasma glucose concentrations with the three treatment schedules are shown in Fig. 3A . (+) -Decanoylcarnitine had no effect whatever, the initial value being 1,043 mg/100 ml and the 4 h value being 1,045 mg/100 ml. Insulin had a hypoglycemic effect, but the total change in 4 h was quite small, from 976 mg/100 ml at zero time to 836 mg/10 ml at the end of the experiment. Surprisingly, when (+) -decanoylcarnitine was given with insulin the plasma glucose fell much more rapidly, the initial value of 896 mg/100 ml decreasing to 281 mg/100 ml at 4 h.
Reversal of diabetic ketoacidosis with (+)-decanoyl- Such was not the case with the changes in blood glucose, however (Fig. 4B) . While control animals and those treated with (+)-decanoylcarnitine alone showed no alteration in plasma glucose concentration, confirming the findings shown in Fig. 3 , when (+)-decanoylcarnitine was given with insulin, no enhancement of the hormone's hypoglycemic effect was now evident (A glucose, 2 h, insulin, -423 mg/100 ml; A glucose, 2 h, insulin plus (+ ) -decanoylcarnitine, -387 mg/100 ml). The difference in the two experiments appears to be entirely due to a greater hypoglycemic effect of insulin in the awake animals since the 2 h fall with insulin alone was only 69 mg/100 ml in anesthetized rats (Fig.  3A) .
The changes in free fatty acid (FFA) concentrations with treatment are shown in Fig. 4A . As expected, insulin caused a decrease in the fatty acid levels, the value falling from 1.34 to 0.42 geq/ml over the 2 h period.
(+ ) -Decanoylcarnitine appeared to cause an increase in the fatty acid concentration from control values and to blunt the insulin-induced fall.
In the experiments shown in rapid injection of insulin or insulin plus (+)-decanoylcarnitine. They were never anesthetized, had no catheters inserted, and were not placed in restraining cages. 2 h after treatment they were anesthetized with pentobarbital, and blood was drawn from the aorta. Control values were taken from the animals shown in Fig. 4 .
Once again the potent antiketogenic effect of (+)-decanoylcarnitine over and above that seen with insulin alone was evident. As was the case in the experiments of Fig. 4 the hypoglycemic effect of insulin was not altered by the addition of the carnitine ester. The absolute fall in plasma glucose, assuming that initial values found in control rats were essentially similar to those actually present at zero time in the treated animals, appeared to be considerably greater (A, -720 mg/100 ml per 2 h) than that seen in the two previous sets of experiments. The insulin-induced fall in free fatty acids was comparable. However, in this case (+)-decanoylcarnitine did not reduce the FFA-lowering capacity of insulin. In experiments not shown (+) -decanoylcarnitine given alone as a single injection again lowered ketones at a rate faster than that produced by insulin alone but less than that seen when the two agents were combined.
Duration of the (+)-decanoylcarnitine effect in vitro. The studies presented thus far clearly indicated that the effect of (+ ) -decanoylcarnitine in blocking fatty acid oxidation and ketogenesis was rapid in onset both in vitro and in vivo. Accordingly, we next attempted to get some estimate of the duration of the effect. This was done in the isolated rat liver in which a flowthrough perfusion system was established. A series of experiments were carried out in which an infusion of (+)-decanoylcarnitine was given for a short interval and then discontinued. The results of one such experiment, entirely typical, are shown in Fig. 6 . 10 min after the addition of (+)-decanoylcarnitine the ketone production rate fell from 70 to about 40 Amol/10 min per 100 g body wt. Synthesis of ketones continued to fall and became negligible by 40 min after the start of the (+)-decanoylcarnitine infusion. When the infusion was stopped ketone production began to increase almost immediately and 100 min later was approaching the control rate. The results indicate, therefore, that the (+)-decanoylcarnitine block of fatty acid oxidation is readily reversible on cessation of treatment.
DISCUSSION
The results reported in this study indicate that (+)-decanoylcarnitine, an inhibitor of the long-chain acylcarnitine transferase reaction, has the capacity to interrupt ketone body production in the severely ketotic alloxan diabetic rat and demonstrate that its antiketogenic effect is more powerful than that of insulin itself. Such an observation is entirely consistent with the finding that (+)-decanoylcarnitine almost immediately stops ketone body production in the perfused liver of the alloxan diabetic rat (Figs. 2 and 6 ) even though these livers are resistant to the action of antiketogenic agents of the carbohydrate class as well as insulin (3) . It is of interest that in vivo the combination of insulin and (+)-decanoylcarnitine was more effective than the latter agent alone. The mechanism by which insulin enhances the antiketogenic effect of (+)-decanoylcarnitine has not as yet been established. It seems clear that the hormone must ultimately act directly on the liver to reverse ketosis, apart from any effect it has in stopping substrate delivery by blocking free fatty acid release, since elevation of free fatty acid levels in ketotic animals restored to normal by treatment with insulin will not reinitiate ketosis (21) . One possibility would be, therefore, that insulin also causes a change in the hepatic acylcarnitine transferase reaction such that an additive response results when both agents are given together (6, 9) . Alternatively, while the antiketogenic effect of insulin alone cannot be explained solely by an anti-lipolytic action, its synergistic effect with (+) -decanoylcarnitine could be. It is known that long-chain fatty acyl-CoA and (+) -acylcarnitine derivatives interact competitively with acylcarnitine transferase (22) . It is thus conceivable that diminished free fatty acid delivery to the liver under the influence of insulin would result in a fall of fatty acyl-CoA levels and an increase in the effectiveness of the (+)-decanoylcarnitine block.' Thirdly, the insulin effect might be exerted at the periphery by increasing the rate of ketone body utilization (23) . Presumably a fall in free fatty acid delivery to muscle would accelerate the utilization of ketone bodies in that tissue, particularly if coupled with a (+)-decanoylcarnitine block in fatty acid oxidation. Preliminary evidence against an insulin effect dependent upon an antilipolytic mechanism has been obtained in experiments (not shown) where free fatty acid concentrations were lowered with nicotinic acid (24) in the presence of (+)-decanoylcarnitine. No enhancement of the antiketogenic effect was seen, the 2 h fall in total ketones being 611 Amol/100 ml with both compounds given together as opposed to 608 Lmol/100 ml with (+)-decanoylcarnitine alone. It should also be noted that the (+) -decanoylcarnitine effect could not be reproduced by increasing the levels of insulin up to four times those given in the experiments shown here, a finding reminiscent of the observation in humans that increasing the insulin dosage beyond the usual treatment schedule does not shorten recovery times from diabetic ketoacidosis (25, 26) .'
A second feature of interest in the results was the fact that (+)-decanoylcarnitine accelerated the fall in plasma glucose produced by insulin in rats that were anesthetized, but did not do so in awake and moving animals. Hepatic gluconeogenesis has been considered to be stimulated by fatty acid oxidation (10, 11, 27) , at -least where rates are very high (6) , and (+)-decanoylcarnitine has been shown to block this stimulatory effect in the perfused liver (6, 11, 27) . It is conceivable, therefore, that (+)-decanoylcarnitine had the same effect in vivo. If the carnitine ester were acting primarily to block hepatic gluconeogenesis, however, it would seem unlikely that the response would not be evident in both anesthetized and unanesthetized animals. For this reason we favor the possibility that the accelerated fall in blood glucose produced by (+)-decanoylcarnitine is due to a blockade of fatty acid oxidation in peripheral tissues with the result that glucose would be oxidized more 'In view of the generalization made earlier that interruption of substrate delivery to the liver should reverse the ketotic state, the question might be raised as to why insulin, which rapidly reduced plasma FFA levels, did not proportionately lower plasma ketone concentrations. The answer undoubtedly lies in the observation that livers from severely ketotic alloxan diabetic rats are engorged with fat (5, 36) such that they can sustain high rates of ketogenesis for several hours in the absence of exogenous fatty acids (3, 36) . rapidly as the alternative substate (28) . A possible interpretation would be that insulin acts essentially to permit (or cause) accelerated transport of glucose across the cell membrane (29, 30) in a process that is dependent in part on the intracellular utilization of glucose such that an increased oxidation of glucose would enhance the transport process (31, 32 ). An analogous situation would be muscular exercise, which has long been known to have a hypoglycemic effect in diabetes (33, 34) , increasing glucose utilization in the presence of insulin presumably by activating glycolysis (35) . Indeed, it is attractive to speculate that the failure to demonstrate a synergistic effect of (+)-decanoylcarnitine on the insulin-induced fall in plasma glucose in nonanesthetized animals was due to their increased muscular activity, since even the animals placed in restraining cages were continually moving their limbs. The implication would be that the capacity to increase glucose utilization beyond the level produced by insulin alone is limited and that this limit was reached either by (+)-decanoylcarnitine treatment or by increasing muscular exercise.
Despite its potent capacity to block fatty acid oxidation in the liver, and, presumably, in peripheral tissues, no deleterious side effects were seen in rats treated with (+) -decanoylcarnitine under the conditions utilized in these experiments, probably because of the plentiful availability of other substrate in the form of glucose and ketone bodies (28) . It was also noteworthy that the (+ ) -decanoylcarnitine effect appeared to be readily reversible (Fig. 6 ). Nevertheless it should be emphasized that the compound is potentially dangerous both from the metabolic standpoint and because it is a surface active agent capable of inducing red blood cell hemolysis in the unbound state. Additional studies of metabolic effects and possible toxicity of (+) -decanoylcarnitine are in progress.
We consider these results to be important for the following reasons: (a) They provide additional support for the viewpoint that studies of metabolic regulation in the isolated perfused liver are applicable to the intact animal (6) . (b) They are entirely compatible with the postulated critical role of long-chain acylcarnitine transferase in the regulation of hepatic ketogenesis (1, (6) (7) (8) .
(c) They raise the possibility that alternative and more effective forms of treatment for diabetic ketoacidosis may one day be available.
